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(54) [Title of the Invention] Lithium Secondary Cell 
(57) [Summary] 



1 



[Object] To improve discharge capacity at a practically acceptable current level in a 
lithium secondary cell in which the positive electrode is obtained using an inexpensive 
iron lithium phosphate material that can be charged and discharged at a voltage of 4 V or 
less. A positive electrode active material 5 is obtained using a material that is a phosphate 
compound whose olivine structure is expressed by the general formula [Li] z Fei. y X y P0.4 
(0 < z < l ), that remains electrochemically stable in the potential range of 3 V to 4 V in 
relation to the standard potential of lithium metal when element X is a component of the 
phosphate compound, and that has an y- value of 0 < y < 0.3. 

[Merits] Discharge capacity or cycle characteristics arc improved during charging and 
discharging at 4 V or less, which is a potential at which cell life is less likely to be 
adversely affected by the decomposition of a liquid electrolyte when compared with the 
use of an unsubstitutcd iron lithium phosphate. 
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[Key to figure: 1: scaling plate, 2: negative electrode (lithium metal), 3: gasket, 
4: separator, 5: positive electrode pellet, 6: positive electrode casing] 
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[Claims] 

[Claim 1] A lithium secondary cell, characterized by comprising a positive electrode 
active material in the form of a material that is a phosphate compound whose olivine 
structure is expressed by the general formula Li z Fei. ) X > .P0 4 (0 < z < 1), that remains 
electrochemically stable in the potential range of 3 V to 4 V in relation to the standard 
potential of lithium metal when element X is a component of the phosphate compound, 
and that has an y- value of 0 < y < 0.3; a negative electrode active material in the form of a 
material capable of occluding and releasing lithium metal, lithium alloys, or lithium ions; 
and an electrolytic substance in the form of a substance capable of allowing lithium ions to 
migrate in order to be able to react electrochemically with the positive or negative 
electrode active material. 

> 

[Claim 2] A lithium secondary cell as defined in Claim 1, characterized in that the 
element X in the phosphate compound is at least one clement selected from magnesium, 
cobalt, nickel, and zinc. 

[Detailed Description of the Invention] 
[0001 [ 

[Technological Field of the Invention] The present invention relates to a lithium 
secondary cell, and more particularly to an improved positive electrode active material. 
The present invention seeks to provide a cell with enhanced discharge capacity and 
improved charge/discharge cycle characteristics. 

[0002] 

[Prior Art] Lithium secondary cells whose negative electrode active materials are capable 
of occluding and releasing lithium metal, lithium alloys, or lithium ions are characterized 
by high voltage and excellent reversibility. In particular, lithium ion secondary cells in 
which complex oxides of lithium and transition metals are used as positive electrode active 
materials, and carbonaceous materials as negative electrode active materials, are lighter 
and have better capacity than conventional lead secondary cells, nickel-cadmium 
secondary cells, or the like, and are therefore widely used in portable phones, notebook 
computers, and other electronic devices. 
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[0003] In current practice, LiCo0 2 is primarily employed as the positive electrode active 
material for the commonly used lithium ion secondary cells, but cobalt, which is the 
starting material for LiCo0 2 , is scarce and can be extracted only at a limited number of 
locations, thus making this starting material unsuitable as the positive electrode active 
material of lithium ion secondary cells both in terms of cost and in terms of stable supply. 

[0004] By contrast, LiFeP0 4 , which is obtained using inexpensive and plentiful iron as a 
starting material, can function as the positive electrode active material of a lithium 
secondary cell, as disclosed in JP (Kokai) 9-134725 and the like. It is also disclosed in JP 
(Kokai) 9-134724 that cell voltage can be controlled by substituting cobalt for the iron in 
LiFeP0 4 . 

|0005] 

[Problems Which the Invention Is Intended to Solve] A drawback, however, is that using 
LiFcP0 4 slows down reactions in which lithium is introduced and desorbed during cell 
charging and discharging, while using coarser LiFcP0 4 particles in order to increase the 
density with which the positive electrode active material is packed into the cell allows full- 
capacity charging and discharging to be carried out only at extremely low electric currents. 

[0006] Another feature is that adding cobalt to LiFcP0 4 allows cobalt redox reactions to 
occur at a high potential (about 5 V with respect to the standard potential of lithium 
metal), but when the charging voltage exceeds 4.3 V, oxidative degradation begins to 
affect the liquid electrolytes of the lithium ion secondary cells currently in use, making it 
much more likely that cycle characteristics will be adversely affected when the cells are 
charged or discharged at such a high voltage. Liquid electrolytes that remain stable at high 
voltage levels are being developed, but practical solutions have yet to be found, and adding 
cobalt in excessive amounts is still unacceptable both in terms of cost and in terms of cell 
life. 

[0007] Consequently, an object of the present invention, which was perfected in order to 
overcome the above-described shortcomings of the prior art, is to improve the discharge 
capacity'at a practically acceptable current level in a lithium secondary cell in which the 
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positive electrode is obtained using an inexpensive iron lithium phosphate material that 
can be charged and discharged at a voltage of 4 V or less. 



[0008) 

[Means Used to Solve the Above-Mentioned Problems] Aimed at attaining the stated 
object, the lithium secondary cell pertaining to the present invention is characterized by 
comprising a positive electrode active material in the form of a material that is a phosphate 
compound whose olivine structure is expressed by the general formula Li 2 Fe,. y X y P0 4 
(0 < z < 1), that remains clectrochemically stable in the potential range of 3 V to 4 V in 
relation to the standard potential of lithium metal when clement X is a component of the 
phosphate compound, and that has an y- value of 0 < y < 0.3; a negative electrode active 
material in the form of a material capable of occluding and releasing lithium metal, lithium 
alloys, or lithium ions; and an electrolytic substance in the form of a substance capable of 
allowing lithium ions to migrate in order to be able to react clectrochemically with the 
positive or negative electrode active material. 

[0009] The lithium secondary cell pertaining to the present invention is also characterized 
in that the clement X in the phosphate compound in accordance with the present invention 
is at least one clement selected from magnesium, cobalt, nickel, and zinc. 

[0010] The present invention will now be described in further detail. The positive 
electrode active material of the lithium secondary cell in accordance with the present 
invention is a material that is a phosphate compound whose olivine structure is expressed 
by the general formula Li.Fc.yXyPC^ (0 < z < 1), that remains clectrochemically stable in 
the potential range of 3 V to 4 V in relation to the standard potential of lithium metal when 
clement X is a component of the phosphate compound, and that has an y- value of 
0<y<0.3. 

[001 1] A substance commonly referred to as iron lithium phosphate is expressed as 
LiFeP0 4 (z = 1) and is such that further lithium introduction is impossible to achieve 
without altering the structure. Using this material as the positive electrode of a cell allows 
lithium to be constantly removed from the positive electrode and causes the composition to 



approach that of FePO, (that is, the value of z to decrease) during charging. When the 
charged cell is discharged, the lithium in the liquid electrolyte is introduced into the 
positive electrode, and the composition returns to that of LiFcPO., (z = 1). A material that 
satisfies the condition z = 1 is considered to be the best choice when cell manufacture and 
discharge capacity are taken into account, but because the value of z varies continuously, 
using a material that has a disproportionate composition (for example, one with z = 0.9) 
still makes it possible to fabricate a cell that operates by a mechanism similar to that 
provided by a common proportionate iron lithium phosphate satisfying the condition z = 1. 
This is the reason that the value of z in the above formula must satisfy the condition 
0<z< 1. 

[00121 In a lithium secondary cell in which LiFcPO^ is used for the, positive electrode 
active material, charging is accompanied by the desorption of lithium and the conversion 
of iron ions from a divalent state to a trivalcnt state. Lithium desorption causes the crystal 
structure (olivine structure) to become unstable in the desorbed areas and leads to partial 
blockage of lithium migration routes, which, coupled with the impaired desorption of 
lithium from inner areas, is believed to prevent lithium secondary cells in which LiFcPO^ 
is used for the positive electrode active material from developing adequate capacity at an 
acceptable charge/discharge current. 

(0013) It is also believed that such structural instability causes discharge capacity to be 
reduced by repeated charge/discharge cycles. By contrast, partially replacing the iron with 
zinc and other elements that remain elcctrochcmically stable in the potential range of 3 V 
to 4 V in relation to the standard potential of lithium metal in a phosphate compound 
allows the zinc and other replacement elements to remain bivalent and to resist oxidation 
during charging, and permits lithium, which is adjacent to the replaced elements, to remain 
in the crystal without being desorbed. For this reason, it is believed that the replaced 
regions are less likely to change their crystal structure and are capable of retaining their 
lithium migration routes during charging, resulting in higher capacity and enhanced cycle 
stability. 
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[0014] However, undesorbed lithium docs not contribute to charging or discharging, so 
excessive replacement may result in reduced cell capacity. As a result of extensive 
experimentation, the inventors discovered that the iron element replacement considered 
effective for achieving enhanced capacity should be 30% (0 < y < 0.3) or less, preferably 
10-30% (0.1 < y < 0.3), and ideally 10-20% (0.1 < y < 0.2). 

(00151 As used herein, the term "element that remains elcctrochemically stable in the 
potential range of 3 V to 4 V in relation to the standard potential of lithium metal" refers 
to an clement that undergoes oxidation and reduction at a potential less than 3 V in relation 
to the standard potential of lithium metal and remains stable at higher voltages (as is the 
case with alkali metals, alkaline-earth metals, and the like), or to an element that reduces to 
metal from a bivalent state at a potential less than 3 V in relation to the standard potential 
of lithium metal, resists oxidation or reduction in the potential range of 3 V to 4 V, and 
oxidizes from a bivalent state to a trivalcnt state at a potential greater than 4 V when 
substituted for the iron in iron lithium phosphate (as is the case with cobalt, nickel, or the 
like). 

10016J Consequently, the substitucnt metals arc not limited to transition metals and may 
also include traditional metals. Ions that are bivalent in the potential range of 3 V to 4 V 
should be used in order to replace the iron while preserving the olivine structure of iron 
lithium phosphate. Magnesium, cobalt, nickel, zinc, and the like arc particularly preferred 
as such substitucnt elements. 

100171 

(Working Examples! Working examples of the present invention will now be described in 
further detail with reference to the accompanying drawings. The present invention is not 
limited by these working examples, however. 

(0018] 

[Working Example 1] Fig. 1 is a cross-sectional cell view depicting a structure fashioned 
in accordance with a working example of the lithium secondary cell pertaining to the 
present invention. In the drawing, 1 is a scaling plate, 2 a negative electrode (lithium 
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metal), 3 a gasket, 4 a separator, 5 a positive electrode pellet, and 6 a positive electrode 
casing. 

[0019] The positive electrode active material (LiFeo.7Coo.3PO4) contained in the positive 
electrode pellet 5 (Fig. 1) was produced in the following manner. 

[0020J Lithium carbonate (Li 2 C0 3 ), iron oxalate dihydrate (FeC 2 0 4 • 2H 2 0), cobalt 
acetate tetrahydrate (Co(CH 3 COO) 2 • 4H 2 0), and diammonium hydrogen phosphate 
((NH 4 ) 2 HP0 4 ) were first mixed and introduced as starting materials into a crucible in a 
molar ratio of 0.5:0.7:0.3:1, and were then baked for 24 hours at 800°C in an argon 
atmosphere. Fig. 2 shows an X-ray diffraction chart of the resulting material. 

(002 1 ] The chart is virtually identical to the X-ray diffraction chart ( JCPDS 1 5-0760) 
reported for LiFeP0 4 , suggesting that the iron is replaced while the olivine structure 
remains unchanged. The positive electrode active material (70 wt%) was kneaded together 
with acetylene black (conductive agent; 25 wt%) and polytetrafluorocthylcnc (binder; 
5 \vt%) into a clayey mass, which was rolled with two rolls to a thickness of about 0.6 mm 
and then stamped out with a punch into a diskoid shape with a diameter of 15 mm, 
yielding a positive electrode pellet 5. Fig. 3 shows the olivine structure of LiFcP0 4 . The 
black circles indicate lithium atoms; the octahedrons, iron surrounded by six oxygens; and 
the tetrahedrons, phosphorus sunounded by four oxygens. 

[0022] An assembly (obtained by a method in which a negative electrode 2 composed of 
lithium metal was pressed against a scaling plate 1 made of stainless steel) was 
subsequently inserted into a recess formed by a polypropylene gasket 3, a porous 
separator 4 (polypropylene) and the positive electrode pellet 5 were placed on the negative 
electrode in the order indicated, a liquid electrolyte obtained by dissolving LiPF 6 in an 
isovolumctric mixed solvent of ethylene carbonate and dimethyl carbonate to a 
concentration of 1 mol/dm 3 was added in an appropriate amount as an electrolyte to 
impregnate the assembly, and the components were sealed in a positive electrode casing 6 
(stainless steel), yielding a coin-shaped cell with a thickness of 2 mm and a diameter of 
23 mm. The charge/discharge characteristics of the resulting cell were evaluated at a 
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constant current of 1 niA under conditions corresponding to a terminal charge voltage of 
4.0 V and a terminal discharge voltage of 3.0 V. 

[0023] Fig. 4 depicts a charge/discharge curve obtained after ten cycles. It can be seen 
that the discharge potential is substantially the same as the voltage of a cell whose positive 
electrode is obtained using a known unsubstituted iron lithium phosphate and whose 
negative electrode is obtained using lithium metal, and that the cell is charged and 
discharged by the oxidation and reduction of iron ions. The discharge capacity increases 
somewhat between the first and tenth cycles, and remains substantially constant thereafter. 

[0024J The capacity of the 50 th cycle was 5.6 mAh. Fig. 5 shows the relation between the 
number of cycles and the discharge capacity during the initial 50 cycles. Fig. 6 shows the 
relation between the extent v to which iron was substituted by clement X and the discharge 
capacity of the 50 th cycle. Table 1 shows the compositional formula of the positive 
electrode active material used in the cell, the amount of substitution >\ and the discharge 
capacity of the 50 th cycle. 

[0025] 

[Comparative Example 1 ] A positive electrode active material (LiFcP0 4 ) devoid of 
clement X was prepared in the following manner. Lithium carbonate (Li 2 C0 3 ), iron 
oxalate dihydrate (FcC 2 0^ • 2H 2 0), and diammonium hydrogen phosphate ((NH 4 ) 2 HP0 4 ) 
were first mixed and introduced as starting materials into a caicible in a molar ratio of 
0.5:1:1, and were then baked for 24 hours at 800°C in an argon atmosphere. 

[0026] A positive electrode pellet and a coin-shaped cell were then fabricated in the same 
manner as in Working Example 1 by making use of the positive electrode active material 
thus obtained. Charge/discharge characteristics were evaluated under the same conditions 
as in Working Example 1, and although the discharge capacity of the first cycle was 
higher than that demonstrated by the cell obtained in Working Example 1, the discharge 
capacity of the fifth and later cycles was less than that of the cell obtained in Working 
Example 1, and was only 4.7 mAh (which constituted 84% of the cell capacity achieved in 
Working Example 1) during the 50 th cycle. 
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[0027] Fig. 5 shows the relation between the number of cycles and the discharge capacity 
during the initial 50 cycles. Fig. 6 shows the relation between the extent y to which iron 
was substituted by element X and the discharge capacity of the 50 th cycle. Table 1 shows 
the compositional formula of the positive electrode active material used in the cell, the 
amount of substitution^, and the discharge capacity of the 50 th cycle. Data for Working 
Example 1 are also presented. 

[0028] 

[Table 1] Compositional Formulas of Positive Electrode Active Materials, Amounts of 
Substitution v, and Discharge Capacities During 50 th Cycle in Cells of Working and 
Comparative Examples 



Working and comparative 
examples 


Compositional 
formula 


Amount of 
substitution y 


Discharge capacity during 
50 th cycle (mAh) 


Working Example 1 


LiFcu.7C00.3PO4 


0.3 


5.6 


Working Example 2 


LiFc 0 , s Co 0 , 2 PC>4 


0.2 


6.7 


Working Example 3 


LiFe ot ;Cot).iP0 4 


0.1 


4.9 


Working Example 4 


LiFco^Ziio^PCX, 


0.2 


7.0 


Working Example 5 


LiFCossMgo.LsPOa 


0.15 


6.8 


Working Example 6 


LiFco.yNio.2PO4 


0.2 


6.5 


Comparative Example 1 


LiFcP04 


0 


4.7 


Comparative Example 2 


LiFc 06 Coo.4P0 4 


0.4 


4.3 



[0029) 

[Working Example 2] A positive electrode active material (LiFeo.gCoo.2PO4) contained in 
a positive electrode pellet was produced in the following manner. Lithium carbonate 
(Li 2 C0 3 ), iron oxalate dihydrate (FeC 2 0 4 • 2H 2 0), cobalt acetate tetrahydrate 
(Co(CH 3 COO) 2 • 4H 2 0), and diammonium hydrogen phosphate ((NH 4 ) 2 HP0 4 ) were first 
mixed and introduced as starting materials into a crucible in a molar ratio of 0.5:0.8:0.2:1, 
and were then baked for 24 hours at 800°C in an argon atmosphere. 
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[0030] A positive electrode pellet and a coin-shaped cell were then fabricated in the same 
manner as in Working Example 1 by making use of the positive electrode active material 
thus obtained. Charge/discharge characteristics were evaluated under the same conditions 
as in Working Example 1, and it was found that the discharge capacity of the second and 
subsequent cycles was greater than that of the cell obtained in Comparative Example 1, 
and that during the 50 th cycle the capacity was 6.7 mAh, or 1.43 times that of the cell 
obtained in Comparative Example 1. 

[003 1] Fig. 5 shows the relation between the number of cycles and the discharge capacity 
during the initial 50 cycles. Fig. 6 shows the relation between the extent y to which iron 
was substituted by element X and the discharge capacity of the 50 th cycle. Table 1 shows 
the compositional formula of the positive electrode active material qsed in the cell, the 
amount of substitution y, and the discharge capacity of the 50 th cycle. The characteristics 
obtained in Working Example 1 and Comparative Example 1 arc also presented. 

[00321 

[Working Example 3J A positive electrode active material (LiFco.9Coo.1PO4) contained in 
a positive electrode pellet was produced in the following manner. Lithium carbonate 
(Li 2 C0 3 ), iron oxalate dihydrate (FcC 2 0., • 2H 2 0), cobalt acetate tctrahydratc 
(Co(CH 3 COO) 2 • 4H 2 0), and diammonium hydrogen phosphate ((NH 4 ) 2 HP0 4 ) were first 
mixed and introduced as starting materials into a crucible in a molar ratio of 0.5:0.9:0.1:1, 
and were then baked for 24 hours at 800°C in an argon atmosphere. 

[0033] A coin-shaped cell was then fabricated in the same manner as in Working 
Example 1 by making use of the positive electrode active material thus obtained. 
Charge/discharge characteristics were evaluated under the same conditions as in Working 
Example 1, and it was found that the discharge capacity of the fifth and subsequent cycles 
was greater than that of the cell obtained in Comparative Example 1, and that during the 
50 th cycle the capacity was 4.9 mAh, or 1.04 times that of the cell obtained in Comparative 
Example 1. 
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[0034] Fig. 5 shows the relation between the number of cycles and the discharge capacity 
during the initial 50 cycles. Fig. 6 shows the relation between the extent y to which iron 
was substituted by element X and the discharge capacity of the 50 th cycle. Table 1 shows 
the compositional formula of the positive electrode active material used in the cell, the 
amount of substitution y, and the discharge capacity of the 50 ,h cycle. The characteristics 
obtained in Working Examples 1 and 2 and in Comparative Example 1 are also presented. 

[0035] 

[Comparative Example 2] A positive electrode active material (LiFeo.eCoo.4PO4) contained 
in a positive electrodc'pcllct was produced in the following manner. Lithium carbonate 
(Li 2 C0 3 ), iron oxalate dihydrate (FeC 2 0 4 ■ 2H 2 0), cobalt acetate tetrahydrate 
(Co(CH 3 COO)2 • 4H 2 0), and diammonium hydrogen phosphate ((NF^bHPCM were first 
mixed and introduced as starting materials into a crucible in a molar ratio of 0.5:0.6:0.4:1, 
and were then baked for 24 hours at 800°C in an argon atmosphere. 

[0036] A coin-shaped cell was then fabricated in the same manner as in Working 
Example 1 by making use of the positive electrode active material thus obtained. 
Charge/discharge characteristics were evaluated under the same conditions as in Working 
Example 1, and it was found that the discharge capacity between the first and 50 ,h cycles 
was always lower in comparison with the cell obtained in Comparative Example 1, and 
that during the 50 lh cycle the capacity was merely 4.3 mAh, or 0.9 1 times that of the cell 
obtained in Comparative Example 1. 

[0037] Fig. 5 shows the relation between the number of cycles and the discharge capacity 
during the initial 50 cycles. Fig. 6 shows the relation between the extent y to which iron 
was substituted by element X and the discharge capacity of the 50 th cycle. Table 1 shows 
the compositional formula of the positive electrode active material used in the cell, the 
amount of substitution.)', and the discharge capacity of the 50 th cycle. The characteristics 
obtained in Working Examples 1-3 and Comparative Example 1 are also presented. 

[0038] 
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[Working Example 4] A positive electrode active material (LiFeo.sZno.2PO4) contained in 
a positive electrode pellet was produced in the following manner. Lithium hydroxide 
monohydrate (LiOH • H 2 0), iron oxalate dihydrate (FcC 2 0 4 • 2H 2 0), zinc acetate 
dihydratc (Zn(CH 3 COO) 2 • 2H 2 0), and diammonium hydrogen phosphate ((NH 4 ) 2 HP0 4 ) 
were first mixed and introduced as starting materials into a crucible in a molar ratio of 
0.5:0.8:0.2: 1, and were then baked for 24 hours at 800°C in an argon atmosphere. 

[0039] A coin-shaped cell was then fabricated in the same manner as in Working 
Example 1 by making use of the positive electrode active material thus obtained. 
Charge/discharge characteristics were evaluated under the same conditions as in Working 
Example 1, and it was found that the discharge capacity of the first and subsequent cycles 
was greater than that of the cell obtained in Comparative Example l, and that the 
dependence on the number of cycles was somewhat more pronounced than in Working 
Example 2. During the 50 th cycle, the capacity was 7.0 mAh, or 1 .49 times that of the cell 
obtained in Comparative Example 1. 

[0040] Fig. 5 shows the relation between the number of cycles and the discharge capacity 
during the initial 50 cycles. Table 1 shows the compositional formula of the positive 
electrode active material used in the cell, the amount of substitution y, and the discharge 
capacity of the 50 th cycle. The characteristics obtained in Working Examples 1-3 and 
Comparative Examples 1 and 2 arc also presented. 

[0041] 

[Working Example 5] A positive electrode active material (LiFeo.s5Mgo.15PO.,) contained 
in a positive electrode pellet was produced in the following manner. Lithium hydroxide 
monohydrate (LiOH • H 2 0), iron oxalate dihydrate (FeC 2 0 4 • 2H 2 0), magnesium oxide 
(MgO), and diammonium hydrogen phosphate ((NH 4 ) 2 HP0 4 ) were first mixed and 
introduced as starting materials into a crucible in a molar ratio of 1:0.85:0.15:1, and were 
then baked for 24 hours at 800°C in an argon atmosphere. 

[0042] A coin-shaped cell was then fabricated in the same manner as in Working 
Example 1 by making use of the positive electrode active material thus obtained. 
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Charge/discharge characteristics were evaluated under the same conditions as in Working 
Example 1, and it was found that the discharge capacity of the first and subsequent cycles 
was greater than that of the cell obtained in Comparative Example 1, and that the 
dependence on the number of cycles was substantially the same as in Working Example 2. 

[0043] During the 50 th cycle, the capacity was 6.8 mAh, or 1 .45 times that of the cell 
obtained in Comparative Example 1. Table 1 shows the compositional formula of the 
positive electrode active material used in the cell of Working Example 5, the amount of 
substitution.)', and the discharge capacity of the 50 ,h cycle. The characteristics obtained in 
Working Examples 1-4 and Comparative Examples 1 and 2 arc also presented. 

[0044] 

[Working Example 6] A positive electrode active material (LiFe0.sNi0.2PO.,) contained in a 
positive electrode pellet was produced in the following manner. Lithium hydroxide 
monohydratc (LiOH • H,0), iron acetate ((CH 3 COO) 2 Fe), nickel oxide (NiO), and 
diammonium hydrogen phosphate ((NH 4 ) 2 HP0 4 ) were first mixed and introduced as 
starting materials into a crucible in a molar ratio of 1 :0. 8:0.2: 1, and were then baked for 
24 hours at 800°C in an argon atmosphere. 

[0045] A coin-shaped cell was then fabricated in the same manner as in Working 
Example 1 by making use of the positive electrode active material thus obtained. 
Charge/discharge characteristics were evaluated under the same conditions as in Working 
Example 1, and it was found that the discharge capacity of the first and subsequent cycles 
was greater than that of the cell obtained in Comparative Example 1, and that the 
dependence on the number of cycles was somewhat less than in Working Example 2. 
During the 50 th cycle, the capacity was 6.5 mAh, or 1.38 times that of the cell obtained in 
Comparative Example 1. Table 1 shows the compositional formula of the positive 
electrode active material used in the cell of Working Example 6, the amount of 
substitution y, and the discharge capacity of the 50 th cycle. The characteristics obtained in 
Working Examples 1-5 and Comparative Examples 1 and 2 are also presented. 
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[0046] Although the above working examples were described with reference to cases in 
which a material fashioned into a pellet was used for the positive electrode, it is also 
possible to use a product (such as a coated electrode) obtained by a method in which a 
positive electrode active material and a binder such as polyvinylidene fluoride are added to 
a solvent such as N-methyl-2-pyrrolidone, a slurry is prepared, this slurry is thinly applied 
to a metal foil, and the coated foil is dried. 

[00471 Although lithium metal was used as the negative electrode active material, it is 
also possible to use lithium metal, a carbonaceous material (graphite, coke, or the like), a 
metal oxide (tungsten oxide, niobium oxide, vanadium oxide, tin oxide, or the like), a 
lithium/transition metal complex nitride (lithium manganese nitride, lithium cobalt nitride, 
lithium iron nitride, or the like), a metal chalcogenidc (iron sulfide, t molybdcnum sulfide, 
or the like), or the like. 

[0048] Although the liquid electrolyte used was obtained by dissolving LiPF r , in an 
isovolumctric mixed solvent of ethylene carbonate and dimethyl carbonate to a 
concentration of 1 mol/dm 3 , it is also possible to use the same materials as those employed 
for conventional nonaqueous lithium secondary cells. 

[00491 Examples of such solvents include dimethoxycthanc, 2-mcthyltetrahydrofuran, 
ethylene carbonate, methyl formate, dimethyl sulfoxide, propylene carbonate, acctonitrile, 
dimethyl carbonate, diethyl carbonate, and methyl ethyl carbonate, which may be used 
cither singly or as mixtures of two or more components. 

[0050] LiC10 4 , LiBF 4 , LiAsF 6 , LiCF 3 S0 3 , and the like may also be used as solutes in 
addition to the LiPF 6 used in the working examples. Polymer electrolytes, solid 
electrolytes, salts that melt at normal temperature, and the like can also be used. Various 
conventional materials can also be used as elements of separators, cell casings, and other 
structural materials. In addition, the working examples were described with reference to 
cells shaped as buttons, but cylindrical, angular, and other shapes may also be used 
without any particular restrictions. 

[0051] 
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[Merits of the Invention] As described above, the lithium secondary cell pertaining to the 
present invention is such that discharge capacity or cycle characteristics can be improved 
during charging and discharging at 4 V or less (which is a potential at which it is less 
likely that cell life will be adversely affected by the decomposition of a liquid electrolyte 
when compared with the use of an unsubstituted iron lithium phosphate) by the use of a 
positive electrode active material in the form of a compound obtained by a method in 
which the iron of the iron lithium phosphate is substituted in a ratio of 30% or less with a 
material that remains electrochemically stable in the potential range of 3 V to 4 V in 
relation to the standard potential of lithium metal, with iron still a component of the 
phosphate compound. 

[Brief Description of the Figures] 

[Figure 1J A cross-sectional view depicting a structure fashioned in accordance with a 
working example of the lithium secondary cell pertaining to the present invention. 
(Figure 2] A diagram depicting an X-ray diffraction pattern of the LiFco.7Coo.3PO4 used as 
a positive electrode active material in Working Example 1 of the inventive lithium 
secondary cell. 

[Figure 3] A diagram depicting the olivine structure of LiFeP0 4 . 

[Figure 4] A diagram depicting the discharge capacity curve of the cell pertaining to 

Working Example 1 of the inventive lithium secondary cell. 

[Figure 5] A diagram depicting the relation between the number of cycles and the 

discharge capacity in Working Examples 1-4 of the inventive lithium secondary cell, 

together with the same relation for Comparative Examples 1 and 2. 

[Figure 6] A diagram depicting the relation between discharge capacity and the extent y to 

which iron was substituted by clement X in Working Examples 1-3 of the inventive 

lithium secondary cell, together with the same relation for Comparative Examples 1 and 2. 

[Key] 

1: sealing plate, 2: negative electrode (lithium metal), 3: gasket, 4: separator, 
5: positive electrode pellet, 6: positive electrode casing 
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[Key to figure 1:1: sealing plate, 2: negative electrode (lithium metal), 3: gasket, 
4: separator, 5: positive electrode pellet, 6: positive electrode casing] 
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[Key to figure 2: Intensity (cps)] 




[Key to figure 3: Li atom] 
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[Key to figure 4: 1: voltage (V), 2: charge, 3: discharge, 4: charge/discharge time (hours)] 
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[Key to figure 5: 1: discharge capacity (niAh), 2: Working Example 4, 3: Working 
Example 2, 4: Working Example 1, 5: Working Example 3, 6: Comparative Example 1, 
7: Comparative Example 2, 8: number of cycles (times)] 
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SUM <rr*h) 




4.0 



3.0 - 



2.C I ■ I -^-^ , I 

0.0 C.l 0.2 0.3 0.4 0.5 




[Key to figure 6: 1: discharge capacity (mAh), 2: Working Example 2, 3: Working 
Example 1, 4: Working Example 3, 5: Comparative Example 1, 6: Comparative 
Example 2, 7: amount of substitution v] 

(Continued from front page) 
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